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57 ABSTRACT 
Novel azeotrope-like compositions comprising octa 
fluorocyclobutane and ethylene oxide which are partic 
ularly useful as sterilizing gases. 
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AZEOTROPE-LKE COMPOST ONS OF 
OCTAFLUOROCYCLOBUTANE AND ETHYLENE 

OXDE 

FIELD OF THE INVENTION 

This invention relates to novel azeotrope-like mix 
tures of octafluorocyclobutane and ethylene oxide. 
These mixtures are useful as gaseous sterilizing agents. 

BACKGROUND OF THE INVENTION 
Sterilization with a germicidal agent, such as ethylene 

oxide gas or ethylene oxide gas mixtures, has played an 
increasingly important role in sterilizing heat or mois 

O 

ture sensitive materials. Rapid growth in the use of 1 
sterile, disposable medical devices is just one conse 
quence of gaseous sterilization with agents such as eth 
ylene oxide. The basic gaseous sterilization process 
consists of evacuating the sterilization chamber, precon 
ditioning the articles to be sterilized at an optimal rela 
tive humidity, generally between 20-70% RH, admit 
ting the sterilizing gas at an appropriate pressure and 
temperature, maintaining contact between the steriliz 
ing atmosphere and the articles to be sterilized for an 
appropriate time, and finally discharging and evacuat 
ing the chamber to remove the sterilant gas. 
Although there are many variations on the basic pro 

cess, the major factors which have to be controlled in 
order to effect the sterilization are exposure time, tem 
perature, ethylene oxide pressure or partial pressure, 
and relative humidity The following prior art refer 
ences provide a good description of the standard steril 
ization processes and apparatus with which the steriliz 
ing agents of the invention are useful: "Principles and 
Methods of Sterilization,” pp. 501-530, 2d ed. (1969) by 
J. J. Perkins; "Ethylene Oxide Gaseous Sterilization,' 
pp. 181-208, in Industrial Sterilization International 
Symposium, 1972 U.S. Pat. No. 3,068,064 and U.S. Pat. 
No. 3,589,861. 
By itself, ethylene oxide is an extremely flammable 

gas. Its flammability range extends from about 3.5% by 
volume to 100% by volume in air. Thus, when ethylene 
oxide is used alone as a sterilizing gas, precautions such 
as explosion proof equipment are mandatory. 
A preferable practice is to blend the ethylene oxide 

with another inert fluid; diluting the ethylene oxide and 
rendering the mixture as a whole nonflammable. Two 
such blends which have been used as sterilizing gases 
are dichlorodifluoromethane (CFC-12)/ethylene oxide 
and carbon dioxide/ethylene oxide. These blends are 
non-azeotropic in nature. As such, they suffer the disad 
vantage of segregation during vaporization which 
could lead to potentially flammable or explosive situa 
tions if process flow rates, outage volumes, etc. are not 
closely monitored and controlled. 
The CFC-12/ethylene oxide blend is generally sup 

plied as a liquid mixture consisting of 88% by weight 
CFC-12 and 12% by weight ethylene oxide. This con 
position is below the critical flammability composition 
of about 14-15% by weight ethylene oxide in CFC-12, 
and is therefore nonflammable. A typical hospital steril 
ization process which utilizes the CFC-12/ethylene 
oxide blend is performed by evacuating the chamber to 
about 20-24 inches of mercury vacuum, precondition 
ing the articles at an optimal relative humidity, and 
filling the chamber to about 10 psig pressure with the 
gas mixture. Sterilization is generally performed around 
130 F. This procedure provides about 630 milligrams 
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2 
of ethylene oxide per liter. The concentration (mg/liter) 
of ethylene oxide present in the sterilization chamber is 
critical in determining the required exposure time and 
ultimate sterilization efficiency. The Association for the 
Advancement of Medical Instrumentation (AAMI) 
recommends an absolute minimum ethylene oxide con 
centration of 450 mg/liter. 
A disadvantage of using CFC-12 in such mixtures is 

that fully halogenated chlorofluorocarbons such as 
CFC-12 are implicated in causing environmental prob 
lems associated with the earth's protective ozone layer. 
Although the major purpose of the inert component 

in these sterilizing gas mixtures is to mask the flamma 
bility characteristics of ethylene oxide, simple substitu 
tion of an arbitrary nonflammable fluorocarbon does 
not necessarily ensure a useful sterilizing gas mixture. 
First, the flammability properties of the blend must be 
such that sufficient ethylene oxide (mg/liter at a typical 
pressure and temperature) is delivered by the blend to 
effect the sterilization in an appropriate time. If the 
diluent does not mask the flammability to a sufficient 
extent, a lower concentration of ethylene oxide must be 
used to ensure non-flammability. In this event, either a 
longer time period is required to perform the steriliza 
tion, which affects productivity, or greater operating 
pressures are required to increase the ethylene oxide 
density in the sterilization chamber. Increasing the op 
erating pressure is generally not a viable option because 
existing sterilization chambers may not be rated for the 
increased pressure, and as pointed out by Gunther in 
U.S. Pat. No. 3,589,861, increased pressure can lead to 
swelling and rupture of the sealed plastic bags com 
monly used to package disposable medical devices. 
Indeed, lower operating pressures are advantageous in 
this respect. 
A candidate inert diluent should preferably also be 

miscible with ethylene oxide in the liquid phase and 
should not be too highly volatile that it would segregate 
from the ethylene oxide to anY great extent during 
vaporization. Segregation or fractionation can lead to 
potentially flammable or explosive situations. An azeo 
trope-like mixture would be useful in this context as it 
does not fractionate by normal evaporation or distilla 
tion processes thereby resulting in the release of the 
flammable ethylene oxide component. 

Accordingly, it is an object of this invention to pro 
vide a novel sterilizing gas mixture containing ethylene 
oxide. 

It is an object of this invention to provide such a 
sterilizing gas mixture which contains an inert fluoro 
carbon diluent which is considered to be stratospheri 
cally safe. 
Another object of the invention is to provide a steril 

izing gas mixture containing ethylene oxide which is 
azeotrope-like or non-segregating. 

Still another object of the invention is to provide a 
novel sterilizing gas mixture which incorporates all of 
the above stated objectives. 
Other objects and advantages of the invention will 

become apparent from the following description of the 
invention. 

SUMMARY OF THE INVENTION 
The invention relates to novel azeotrope-like compo 

sitions comprising octafluorocyclobutane (C4Fs) and 
ethylene oxide which are useful as sterilizing gases. 
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DETALED DESCRIPTION OF THE 
INVENTION 

Octafluorocyclobutane (FC-C-318) is not a chlori 
nated or brominated halocarbon. As such, it does not 
contribute to stratospheric ozone depletion. CFC-12, 
however, a fully halogenated chlorine containing fluo 
rocarbon has been implicated in the depletion of the 
Earth's protective ozone layer 

In certain compositional ranges, the vapor or gas 
mixtures arising from these blends are nonflammable 
and azeotrope-like. Because of this, the potential for 
fractionation or separation of components through va 
porization, is reduced than is the case with blends of 
ethylene oxide and CFC-12 or carbon dioxide. 
The ethylene oxide component of the invention must 

be present in effective amounts to accomplish steriliza 
tion. However, because ethylene oxide has a flash point 
less than -20 F., and forms explosive mixtures in air 
from about 3.0 volume percent to 100 volume percent 
ethylene oxide, a chemically inert diluent must be added 
to reduce flammability of the ethylene oxide/air mix 
ture. The primary function of octafluorocyclobutane is 
to suppress the flammability ethylene oxide. When octa 
fluorocyclobutane is present in effective amounts, this 
end is achieved. 
The azeotrope-like compositions of the invention 

comprise effective amounts of ethylene oxide octa 
fluorocyclobutane. Preferably, the azeotrope-like com 
positions of the invention comprise from about 2.0 
weight percent to about 18.0 weight percent ethylene 
oxide and from about 98.0 to about 82.0 weight percent 
octafluorocyclobutane and exhibits a vapor pressure of 
about 50 psia-5 psia at 20 C. 
A more preferred embodiment of the invention com 

prises from about 2.5 to about 10.0 weight percent eth 
ylene oxide and from about 90.0 to about 97.5 weight 
percent octafluorocyclobutane and exhibits a vapor 
pressure of about 50 psia-about 3 psia at 20.0 C. 
The most preferred embodiment of the invention 

comprises from about 2.5 to about 7.5 weight percent 
ethylene oxide and from about 92.5 to about 97.5 weight 
percent octafluorocyclobutane and exhibits a vapor 
pressure of about 50 psia-Eabout 3 psia at 20.0 C. 
The precise or true azeotropic composition has not 

been determined but has been ascertained to be within 
the indicated ranges. Regardless of where the true azeo 
trope lies, all compositions within the indicated ranges, 
as well as certain compositions outside the indicated 
ranges, are azeotrope-like, as defined more particularly 
below. 
Vapor compositions within the azeotrope-like re 

gions do not exhibit flame limits in air at ambient condi 
tions as determined by the ASTM E 681-79 method 
using an electric spark as the ignition source. 
From fundamental principles, the thermodynamic 

state of a fluid is defined by four variables: pressure, 
temperature, liquid composition, and vapor composi 
tion, or P-T-X-Y, respectively. An azeotrope is a unique 
characteristic of a system of two or more components 
where X and Y are equal at a stated P and T. In practice 
this means that the components cannot be separated 
during evaporation or boiling. Consequently, it is not 
possible to separate the flammable ethylene oxide com 
ponent from the blend by evaporation, which could 
happen if the blend was not azeotrope-like leading to a 
potentially hazardous situation. 
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4. 
For the purposes of this discussion, by azeotrope-like 

composition is intended to mean that the composition 
behaves like a true azeotrope in terms of its constant 
boiling characteristics or tendency not to fractionate 
upon boiling or evaporation. Such compositions may or 
may not be a true azeotrope. Thus, in such systems the 
composition of the vapor formed during boiling or 
evaporation is identical or substantially identical to the 
original liquid composition. Hence, during boiling or 
evaporation, the liquid composition, if it changes at all, 
changes only slightly. This is contrasted with non-azeo 
trope-like compositions in which the liquid composition 
changes to a substantially during boiling or evaporation. 

If the vapor and liquid phases have identical composi 
tions, then it can be shown, on a rigorous thermody 
namic basis, that the boiling point versus composition 
curve passes through an absolute minimum or absolute 
maximum at this composition. If one of the two condi 
tions, identical liquid and vapor compositions or a mini 
mum or maximum boiling point, are shown to exist, 
then the system is an azeotrope, and the other condition 
must follow. 
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Thus, one way to determine whether a candidate 
mixture is “azeotrope-like' within the meaning of this 
invention, is to distill a sample thereof under conditions 
(i.e. resolution-number of plates) which would be 
expected to separate the mixture into its separate com 
ponents. If the mixture is non-azeotropic or non-azeo 
trope-like, the mixture will fractionate, i.e., separate 
into its various components with the lowest boiling 
component distilling off first and so on. If the mixture is 
azeotrope-like, some finite amount of first distillation 
cut will be obtained which contains all of the mixture 
components and which is constant boiling and behaves 
as a single substance. This phenomenon cannot occur if 
the mixture is not azeotrope-like i.e. it is not part of an 
azeotropic system. If the degree of fractionation of the 
candidate mixture is unduly great, then a composition 
closer to the true azeotrope must be selected to mini 
mize fractionation. 
An equivalent method for determining whether a 

candidate mixture is azeotrope-like is to determine 
whether the boiling point versus composition curve 
passes through a maximum or minimum. Azeotropes 
which possess a minimum boiling point also possess a 
maximum in the vapor pressure curve at the same com 
position; as these blends exhibit positive deviations from 
Raoult's Law they are termed positive azeotropes. Simi 
larly, those azeotropes which show a maximum boiling 
point exhibit a minimum in the vapor pressure curve 
and are termed negative azeotropes owing to the nega 
tive deviations from Raoult's Law. 

It follows from the above that another characteristic 
of azeotrope-like compositions is that there is a range of 
compositions containing the same components in vary 
ing proportions which are azeotrope-like. All such con 
positions are intended to be covered by the term azeo 
trope-like as used herein. As an example, it is well 
known that at different pressures, the composition of a 
given azeotrope will vary at least slightly as does the 
boiling point of the composition. Thus, an azeotrope of 
A and B represents a unique type of relationship but 
with a variable composition depending on temperature 
and/or pressure. 
The FC-C-318/ethylene oxide blends of the present 

invention exhibit a vapor pressure of about 50 psia--5 
psia at 20 F. which is slightly lower than the 64 psia 
vapor pressure of 88/12 CFC-12/ethylene oxide blend. 
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The autogenous vapor pressure of the CFC-12/ethy 
lene oxide blend is relied upon to expel the liquid steril 
ant mixture from a dip-tube in the source cylinder. Al 
though the FC-C-318/ethylene oxide vapor pressure is 
lower than the CFC-12/ethylene oxide pressure, it is 
probably sufficient to expel the liquid from the source 
cylinder. In those instances where the pressure is insuf 
ficient, a more volatile component may be added to the 
system to serve as a propellant and facilitate delivery of 
the liquid from the cylinder. Examples of such propel 
lants are inert gases such as nitrogen, carbon dioxide, 
sulfur hexafluoride, perchlorofluorocarbons, hydro 
chlorofluorocarbons and hydrofluorocarbons. 

Compositions incorporating these more volatile, non 
flammable, inert components comprise from about 2.0 
to about 100 weight percent ethylene oxide, from about 
5.0 to about 89.0 weight percent octafluorocyclobutane 
and from about 1.0 to about 33.0 weight percent of a 
more volatile, nonflammable, inert component. This 
group of more volatile, nonflammable, inert compo 
nents would preferably consist of environmentally safe 
components such as chlorodifluoromethane, 1,2,2,2-tet 
rafluoroethane, 1,1,2,2-tetrafluoroethane, pentafluoroe 
thane, nitrogen, carbon dioxide and sulfur hexafluoride. 
The addition of other components to the systems which 
do not change the essential nature and properties of the 
systems may be deemed necessary or desirable in spe 
cific circumstances. 
Below certain temperatures some FC-C-318/ethy 

lene oxide mixtures were found to exhibit two immisci 
ble liquid phases. The highest temperature below which 
immiscibility occurs is about 12 C. and this only for a 
mixture containing about 38.0 weight percent ethylene 
oxide. At compositions away from the 38.0 weight per 
cent ethylene oxide, the immiscibility occurs at even 
lower temperatures. Above this minimum consolution 
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temperature of 12 C. the system is miscible in all pro 
portions. For the preferred compositions of this inven 
tion, 2.5 to 7.5 weight percent ethylene oxide, the in 
miscible region occurs below about -3 C. 

In the process embodiment of the invention, the azeo 
trope-like compositions of the invention may be used as 
sterilizing gases in any manner well known in the art by 
essentially exposing the article to be sterilized to the 
sterilizing gas under conditions and for a period of time 
necessary to achieve the desired degree of sterility. 
Typically, the process is effected by placing the articles 
to be sterilized in a chamber, humidifying the chamber 
and exposing the article to the sterilizing gas for an 
appropriate period of time. 

EXAMPLE 1. 

This example shows that a maximum occurs in the 
vapor pressure versus composition curve for FC-C- 
318/ethylene oxide mixtures confirming the existence 
of an azeotrope. These vapor pressure data are also used 
to define the constant boiling or azeotrope-like region 
for the system. 
Vapor pressure measurements were performed by 

preparing FC-C-318/ethylene oxide mixtures in a 240 
cc stainless steel vessel equipped with a magnetic stirrer 
and a calibrated Bourdon-tube pressure gauge accurate 
to -0.3%. The stainless steel vessel was submerged in a 
constant temperature water bath controlled at 20-0.1 
C. Mixtures were prepared gravimetrically and the 
vapor pressure recorded once thermal equilibrium was 
attained. The vapor pressure versus composition mea 
surements are summarized in Table I. 
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6 
These data show that addition of ethylene oxide to 

FC-C-318 increases the vapor pressure above that of the 
FC-C-318, verifying that an azeotrope is formed be 
tween these components. Interpolation between the 
data indicates that FC-C-318 and ethylene oxide mix 
tures exhibit a maximum vapor pressure of about 50 psia 
at 20 C. in the region of 10 to 50 mole percent ethylene 
oxide. The constant boiling or azeotrope-like composi 
tion range corresponds therefore to about 5.0 to about 
50.0 mole percent or about 2.0 weight percent to about 
18.0 weight percent ethylene oxide. 

TABLE I 

Liquid Mixture 
Moe Percent Mole Percent 
Composition Composition Vapor Pressure (psia) 
FC-C-318 ethylene oxide at 20' C. 
100.0 0.0 40,0 
93.0 7.0 43.8 
86.0 140 46.4 
82.9 17.1 47.8 
82.2 17.8 50.0 
71.6 28.4 49.7 
69.3 30.7 49.6 
68.8 31.2 50. 
68.2 31.8 49.7 
64.9 35.1 50.1 
59.5 40.5 49.6 
53.2 46.8 49.7 
49.7 50.3 49.4 
28.9 71. 49.1 
0.0 100.0 21.2 

EXAMPLE 2 

The vapor flammability properties of the various 
ethylene oxide blends are assessed in this example. 
Vapor flammability data were measured at 1 atmo 

sphere pressure and ambient temperature using the 
ASTM E 681-79 method with an ignition source con 
sisting of a high voltage spark gap. The ternary flamma 
bility diagram was developed by preparing mixtures of 
ethylene oxide, halocarbon and air by the method of 
partial pressures and then determining whether or not a 
flame would propagate as defined by ASTM E 681-79. 
The critical flammability ratio (or composition), i.e., the 
composition of the fluorocarbon/ethylene oxide blend 
which contains the maximum amount of ethylene oxide, 
yet does not exhibit flame limits in air, was determined 
in a graphical manner similar to that described by Ha 
enni et al., in "Industrial and Engineering Chemistry,' 
Vol. 51, pp. 685-688 (1959). 

Critical flammability compositions for mixtures of 
ethylene oxide/CFC-12 and ethylene oxide/FC-C-318 
are listed in Table II. 

TABLE II 
Mole % Weight % 

Halocarbon ethylene oxide ethylene oxide 
CFC-12 33.3 15.4 
FC-C-318 27.0 7.5 

The critical flammability composition for CFC 
12/ethylene oxide was found to be 15.4 weight percent 
ethylene oxide. This corresponds quite well with the 
work of Haenni et al., who measured 16.0 weight per 
cent ethylene oxide. Vapor phase FC-C-318 mixtures 
containing less than 27.0 mole percent or 7.5 weight 
percent ethylene oxide are nonflammable according to 
this test method. This composition range is part of the 
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azeotrope-like region identified in the previous exam 
ple. 

EXAMPLE 3 

This example shows that nonflammable, azeotrope 
like FC-C-318/ethylene oxide blends make available 
more ethylene oxide than the AAMI recommended 
minimum ethylene oxide concentrations. 
The 88/12 by weight CFC-12/ethylene oxide compo 

sition is lower than the measured critical flammability 
composition by about 20%. If, for example, we reduce 
the ethylene oxide composition from the FC-C-318 
critical flammability composition by the same factor, 
i.e., consider a 94 percent by weight FC-C318 and 6 
percent by weight ethylene oxide blend, then we can 
compare the ethylene oxide available in the gas phase 
from these blends by performing ideal gas calculations. 
For this particular example we will assume that the 
sterilization chamber was initially evacuated to 22 inHg 
vacuum. Results of these calculations are summarized in 
Table III. 

TABLE III 
Ethylene oxide vapor composition 

Weight % Mole % mg/liter 

FC-C-319/ 6.0 22.5 522.0 
ethylene oxide 
CFC-12/ 12.0 27.2 631.5 
ethylene oxide 

This table shows that slightly less gaseous ethylene 
oxide is available for sterilization from the FC-C- 
318/ethylene oxide blend than from the CFC-12/ethy 
lene oxide blend. However, it is more than sufficient to 
meet the AAMI 450 mg/liter minimum recommenda 
tion. 
What is claimed is: 
1. Azeotrope-like compositions consisting essentially 

of from about 2.0 weight percent to about 18.0 weight 
percent ethylene oxide and from about 82.0 weight 
percent to about 98.0 weight percent octafluorocy 
clobutane which exhibit a vapor pressure of about 50 
psia at 20° C. 

2. The azeotrope-like compositions of claim 1 
wherein said compositions contain from about 10.0 
weight percent ethylene oxide and from about 90.0 to 
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8 
about 97.5 weight percent octafluorocyclobutane 
which exhibit a vapor pressure of about 50 psia at 20 C. 

3. The azeotrope-like compositions of claim 1 
wherein said compositions contain from about 2.5 
weight percent to about 7.5 weight percent ethylene 
oxide which from about 92.5 to about 97.5 weight per 
cent octafluorocyclobutane and exhibit a vapor pres 
sure of about 50 psia at 20 C. 

4. The azeotrope-like compositions of claim 1 
wherein said compositions contain from about 2.0 to 
about 10.0 weight percent ethylene oxide, from about 
65.0 to about 89.0 weight percent octafluorocyclobu 
tane and from about 1.0 to about 33.0 weight percent of 
a more volatile, nonflammable, inert component se 
lected from the group consisting of chlorodifluorome 
thane, 1,2,2,2-tetrafluoroethane, 1,1,2,2-tetrafluoroe 
thane, pentafluoroethane, nitrogen, carbon dioxide, and 
sulfur hexafluoride. 

5. The azeotrope-like compositions of claim 1 
wherein said compositions exhibit a vapor pressure of 
about 50-5 psia at 20 C. 

6. The azeotrope-like compositions of claim 1 
wherein said compositions exhibit a vapor pressure of 
about 50-cabout 3 psia at 20 C. 

7. A method of sterilizing articles comprising precon 
ditioning the articles to be sterilized at an optimal rela 
tive humidity and exposing the articles to the sterilizing 
gas composition of claim 1 under conditions and for a 
period of time necessary to achieve the desired degree 
of sterility. 

8. A method of sterilizing articles comprising precon 
ditioning the articles to be sterilized at an optimal rela 
tive humidity and exposing the articles to the sterilizing 
gas composition of claim 2 under conditions and for a 
period of time necessary to achieve the desired degree 
of sterility. 

9. A method of sterilizing articles comprising precon 
ditioning the articles to be sterilized at an optimal rela 
tive humidity and exposing the articles to the sterilizing 
gas composition of claim 3 under conditions and for a 
period of time necessary to achieve the desired degree 
of sterility. 

10. A method of sterilizing articles comprising pre 
conditioning the articles to be sterilized at an optimal 
relative humidity and exposing the articles to the steril 
izing gas composition of claim 4 under conditions and 
for a period of time necessary to achieve the desired 
degree of sterility. 

k is 
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